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Introduction

In tropical cattle production, indicine breeds (Bos indicus) are widely used in extensive
production systems in tropical areas due to their adaptability to heat and disease. Gir cattle represent
the main indicine breed used for dairying in Brazil, where a national dairy breeding program was
established in 1985 for this breed (Panetto et al., 2017). This breed is present in more than 80% of
Brazilian dairy herds, either as purebreds or composites produced by various crossing schemes with
taurine breeds (Bos taurus). Girolando is a composite breed resulting from the use of selected bulls
that are mostly admixed 5/8 Holstein and 3/8 Gir, but includes animals with breed compositions
ranging from 1/4 Holstein and 3/4 Gir to 7/8 Holstein and 1/8 Gir. These composites are known for
their robustness, high fertility and high milk production, which has led to annual growth in the use of
this breed in tropical production systems (Silva et al., 2017), reinforcing the importance of genetic
studies of Gir and Girolando breeds.

Progress in next-generation sequencing (NGS) methodology and in sequence analysis tools has
allowed whole genome re-sequencing to become a viable approach to quickly, efficiently and
accurately identify genetic variants such as single nucleotide variations (SNVs) and
insertions/deletions (InDels). The study of these sequence variants is important for the discovery of
causal variants linked to complex traits in animal production (Jiang et al., 2014 and Das et al., 2015).
Recently, Stafuzza et al. (2017) identified SNVs and InDels using whole-genome re-sequencing of
Gir, Girolando, Guzerat and Holstein breeds. Enrichment analysis revealed that variants in the
olfactory transduction pathway were over represented in all four breeds. It has been shown in pigs
that the olfactory transduction pathway may be associated with residual feed intake (Do et al., 2014).

Residual feed intake (RFI), first proposed by Koch et al. (1963), is the difference between an
observed and predicted feed consumption. Due to its importance, recent attention has been given to
using RFI in genomic analyses (Davis et al., 2014 and Dimauro et al., 2016). However, little
information is known at the genomic level linking genes to RFI. Analyses of genomic regions
associated with economical important traits through gene networks and in silico identification of
transcription factors (TF) have been shown to provide a better understanding, not only of the genes
associated with these traits, but also of the genetic architecture among breeds (Fortes et al., 2010,
Verardo et al., 2016).

The aim of this study was to analyze whole-genome re-sequencing data focusing on SNVs and
InDels identified in Gir, Girolando and Holstein cattle breeds related to RFI. Thus, genes showing
SNVs/InDels in TF binding sites (5’ UTR variants) were used to search for TF related to feed intake
and to generate a gene-TF network for RFI across two purebred and one admixed dairy cattle breeds.
Moreover, we were able to perform a comparative analysis accessing similarities and dissimilarities
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at the genomic level across these breeds.

Materials and methods

Whole-genome re-sequencing data

For this study, we used whole-genome re-sequencing data from 10 animals (two Gir, three
Girolando and five Holstein) as reported by Stafuzza et al. (2017). In summary, SNVs and InDels
were identified based on UMD 3.1 bovine genome assembly. Those variants were then classified
according to their potential function (e.g. 5’ UTR variant) using the Ensembl Variant Effect
Predictor tool (VEP, version 84) (McLaren et al., 2010). Functional enrichment analysis using lists
of genes that had variants classified by the VEP tool were submitted for annotation using KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway analysis.

Gene-TF networks

Aiming to analyze genomic regions related to RFI, we first selected all genes showing
SNV/InDel in the 5’ UTR region identified in each breed. From these gene sequences, the TFM-
Explorer program (http://bioinfo.lifl.fr/TFM/TFME; accessed http://thebiogrid.org) was used to
search for locally overrepresented TF binding sites (TFBS) using weight matrices from the JASPAR
vertebrate database (Sandelin et al., 2004) to detect all potential TFBS by calculating a score
function as described in Touzet & Varré (2007). From that set of genes, we collected sequences
3,000 bp upstream and 300 bp downstream (FASTA format) from the transcription start site, based
on the UMD 3.1 bovine genome assembly. These data were used as the input for TFM-Explorer. The
given list of TF was fed into Cytoscape (Shannon et al., 2003) using a Biological Networks Gene
Ontology tool (BiNGO) plug-in (Maere et al., 2005) to determine which GO terms were
significantly overrepresented assuming defaults statistical and multiple testing corrections (P-value <
0.05).

Based on biological processes (e.g., response to nutrient levels and sensory organ
development) in conjunction with literature review, we were able to select the main TF related to
feed intake (key TF) in each population, from which we constructed a gene–TF network. Aiming to
identify putative candidate genes, we used the NetworkAnalyzer tool within Cytoscape. According
to the number of TFBS and, consequently, the number of connections/lines (edges) in each node
(gene and TF), the genes most connected within the gene–TF network were determined. Genes with
more TFBS, for the most representative TF, might have more edges and thus identify a gene–TF
network. Finally, the gene–TF networks derived for the three breeds were merged, highlighting the
genes and TF in common, providing an overview across them.

Results and discussion

A total of 163 genes among the three breeds were identified as having variants at the 5’ UTR
region. From these genes, 25 TF for each breed were identified and filtered based on the biological
processes overrepresented in BiNGO and on a literature review related to feed intake. We selected
the four key TFs (Table 1) to construct a combined gene-TF network (Figure 1). That network
highlighted the most connected genes (e.g. LOC522763, TRIM40, CHL1, CDK4, EPN3, DHRS7C
and TBC1D7) and provides an overview of shared TFs and genes across the breeds. A Venn diagram
was built to illustrate the shared genes and TF observed in the gene-TF network (Figure 2).
Comparing the number of genes initially identified with those present in the RFI gene-TF network,
we found that more than 50% of Gir and more than 40% of Girolando genes set remained in the
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network, while only 16% of Holstein genes were present in the network. This may indicate a higher
genetic variability of Gir and Girolando breeds for residual feed intake related genes.

Table 1. Main transcription factors (TF) associated with genes identified in the three breeds (Gir,
Girolando and Holstein), their biological process and literature evidences related to residual feed
intake.

TF Breed Biological Process (GO) Literature evidence*

STAT1 Girolando Response to nutrients
Energy metabolic pathways

(Pitroda et al., 2009)

PPARG Gir
Response to nutrients/Response to

nutrients levels
Energy balance and food intake

(Cecil et al., 2006)

MAX
Gir, Girolando and

Holstein
Response to nutrients

levels/Sensory organ development
Glycolysis and carbohydrate
metabolism (Kim et al., 2007)

YY1 Holstein Sensory organ development
Energy metabolism balance
(Cunningham et al., 2007)

* The cited literature studies are just a sample from the vast available literature

Figure 1. Gene-transcription factor (TF) network. TF (yellow nodes) and genes showing SNVs and
InDels in their 5’ UTR region (red nodes are genes observed in Gir; green nodes are genes observed
in Girolando; blue nodes are genes observed in Holstein; pink nodes are genes in common to all
breeds). Green nodes with blue border are genes in common between Girolando and Holstein breeds
while green nodes with red borders are genes in common between Girolando and Gir. The colors of
TF borders follow each breed color. The node size corresponds to the network analysis (Cytoscape)
score, where bigger nodes represent higher edge density associated with the number of TF-binding
sites. Purple square nodes are biological processes (GO terms) associated with residual feed intake.
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Figure 2. Venn diagram showcasing the number of common genes and transcription factors (TF)
identified among breeds (Gir, Girolando and Holstein) in the residual feed intake gene-TF network.

Among the key TF, only MAX was in common to all breeds. MAX is a MYC-associated
factor X gene cited to be trigged with transcripts related with glycolysis and carbohydrate
metabolism (Kim et al., 2007). In this study, MAX was observed to be enriched with biological
processes related to residual feed intake (e.g., response to nutrients levels and sensory organ
development). At the gene-TF network, this TF was the second most connected followed by STAT1
that encodes for the signal transducer and activator of transcription 1 and is suggested to be involved
with energy metabolic pathways (Pitroda et al., 2009). This TF was identified in the set of genes
from Girolando breed, which showed the higher number of genes what might explain its higher
connectivity to this network.

The other two TF illustrated in the gene-TF network are associated with genes presenting
variants identified in Gir (PPARG) and Holstein (YY1). PPARG gene encodes a peroxisome
proliferator-activated receptor γ gene suggested to be involved with energy balance and feed intake
(Cecil et al., 2006), and well associated with response to nutrients levels according to our biological
process analyses. YY1 is a transcription factor identified to participate on energy metabolism balance
complexed with peroxisome-proliferator-activated receptor co-activator (PGC-1α), which is
involved on mitochondrial oxidative control to maintain the energy balance in response to nutrients
(Finck & Kelly, 2006; Cunningham et al., 2007).

Among the highlighted genes, we observed genes well connected with the presented key TF
that were in common to all three breeds or between two breeds (e.g., TRIM40, TBC1D7 and EPN3).
TRIM40 encodes a tripartite motif containing protein 40. Studies indicate that TRIM40 may be an
important factor regulating mucosal growth in the bovine rumen (Connor et al., 2013) and could be
directly related to the digestive tract. This gene is located on BTA23 (28.62 Mb - 28.63 Mb) and
positioned at the quantitative trait locus (QTL) for RFI previously identified by Sherman et al.
(2009), making it a candidate gene for this trait. In this study, in all three breeds exhibited
SNVs/InDels in its promoter region.

The TBC1D7 gene encodes a TBC1 domain family member 7 protein and has been proposed
to contribute to nutrient signaling from mammalian target of rapamycin (mTOR) and cell growth
(Jewell and Guan, 2013). Signaling pathways involving mTOR have been studied in dairy cattle
showing the relation with nutrients provision and protein synthesis rates in mammary cells
(Appuhamy et al., 2014). In this study, variants in the promoter region of TBC1D7 gene were
identified in Girolando and Holstein animals and it was well connected with MAX and STAT1
transcription factors at the gene-TF network. Another well-connected gene with these TF was EPN3,
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which encodes the epsin 3 protein. It is suggested that this protein cooperates with others bi-layer
binding proteins with curvature sensing/generating properties in the specialized traffic and
membrane remodeling processes typical of gastric parietal cells (Ko et al., 2010). This gene is
located on BTA19 (36.81 Mb - 36.82 Mb) close or within previously identified QTLs for RFI
(Sherman et al., 2009; Abo-Ismail et al., 2014), making this gene a candidate gene for this trait. In
this study, EPN3 was identified in Gir and Girolando animals.

The results observed in this study should be carefully interpreted due to the small sample size
used for whole-genome re-sequencing. However, the gene-TF network provides important genomic
information to investigate genetic mechanisms underlying phenotypic differences and similarities
among these breeds. Our results highlighted candidate genes (e.g., TRIM40, TBC1D7 and EPN3)
and TF (STAT1, PPARG, MAX and YY1) that might have a role in explaining variation in residual
feed intake of cattle. Moreover, in comparison with Holstein, the Gir and Girolando breeds showed
more enriched genes in the RFI gene-TF network, suggesting that these latter breeds may have
greater genetic variability for this trait. In this study, the Gir breed composition associated with RFI
seems to be conserved in Girolando animals, justifying the higher presence of highlighted genes in
the gene-TF network observed for indicine and crossbreed cattle. Further in vitro functional studies
should be conducted considering the identified SNVs/InDels from the highlighted genes in order to
improve our knowledge of the relevance of SNVs/InDels in explaining variation for RFI in each
breed.
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